Lignans, a class of dimeric phenylpropanoid derivative found in plants, such as whole grains and sesame and flax seeds, have anticancer activity and can act as phytoestrogens. The lignans secoisolariciresinol and matairesinol can be converted in the mammalian proximal colon into enterolactone and enterodiol, respectively, which reduce the risk of breast and colon cancer. To establish an efficient bioconversion system to generate matairesinol from pinoresinol, the genes encoding pinoresinol-lariciresinol reductase (PLR) and secoisolariciresinol dehydrogenase (SDH) were cloned from Podophyllum pleianthum Hance, an endangered herb in Taiwan, and the recombinant proteins, rPLR and rSDH, were expressed in Escherichia coli and purified. The two genes, termed plr-PpH and sdh-PpH, were also linked to form two bifunctional fusion genes, plr-sdh and sdh-plr, which were also expressed in E. coli and purified. Bioconversion in vitro at 22°C for 60 min showed that the conversion efficiency of fusion protein PLR-SDH was higher than that of the mixture of rPLR and rSDH. The percent conversion of (؉)-pinoresinol to matairesinol was 49.8% using PLR-SDH and only 17.7% using a mixture of rPLR and rSDH. However, conversion of (؉)-pinoresinol by fusion protein SDH-PLR stopped at the intermediate product, secoisolariciresinol. In vivo, (؉)-pinoresinol was completely converted to matairesinol by living recombinant E. coli expressing PLR-SDH without addition of cofactors.
L
ignans, a large group of secondary metabolites found in plants, have a broad range of medicinal functions. They have been identified in more than 60 families of vascular plants (1) and are biosynthesized by the dimerization of two molecules of phenylpropanoids. Different types of phenylpropanoid subunits, different coupling orientations, and complicated modifications result in a wide diversity of lignan structures. Lignans are also a major class of phytoestrogens with estrogen-like structures (2) and antioxidant activity (3) . Orally administered lignans have positive effects on breast cancer, osteoporosis, and colon cancer (4) .
The phytoestrogens pinoresinol, secoisolariciresinol, and matairesinol have been found in whole grains, vegetables, and fruits (5) . Secoisolariciresinol and matairesinol are converted into the enterolignans enterodiol and enterolactone by microflora in the proximal colon in mammals, and these two enterolignans are absorbed in the colon and enter the body (6) . The presence of enterolignans in serum can reduce the risk of breast, prostate, and colon cancer (7, 8) . Enterolignans have weak estrogen-like activity and can compete with estrogen for binding to estrogen receptors and inhibit the enzymes involved in estrogen anabolism (9) . High serum enterolignan levels can reduce the risks of acute coronary syndrome (10) . The concentrations of enterolignans in serum and urine are indicators of plant lignan intake (11) .
Podophyllotoxin, a type of aryltetralin lignan, is the precursor of the anticancer drugs teniposide and etoposide (12) (13) (14) . Pinoresinol-lariciresinol reductase (PLR), an NADPH-dependent enzyme, is the key enzyme in podophyllotoxin biosynthesis ( Fig.  1) (15) . The phenylpropanoid dimer (ϩ)-pinoresinol is sequentially converted into (ϩ)-lariciresinol and (Ϫ)-secoisolariciresinol by PLR, and then (Ϫ)-secoisolariciresinol is converted into (Ϫ)-matairesinol by the NAD ϩ -dependent secoisolariciresinol dehydrogenase SDH (16) . This, in turn, is converted into podophyllotoxin by several unidentified enzymes.
Podophyllum pleianthum, a herb traditionally used in Taiwan for treatment of snake bite and wound healing, contains podophyllotoxin. Due to its slow growth and overcollection, it is now critically endangered (17) . In this study, the genes plr and sdh were cloned from P. pleianthum Hance (plr-PpH and sdh-PpH, respectively), fused, and heterologously expressed in E. coli to establish a high-efficiency system for the conversion of (ϩ)-pinoresinol to matairesinol.
MATERIALS AND METHODS

Chemicals.
The solvents and chemicals used were reagent or highperformance liquid chromatography (HPLC) grade. (ϩ)-Pinoresinol was purchased from Arbonova (Turku, Finland); (ϩ)-lariciresinol, secoisolariciresinol, matairesinol, NADPH, NAD, dithiothreitol (DTT), and imidazole were from Sigma-Aldrich; and acetonitrile was from Merck. TRIzol reagent and the rapid amplification of cDNA ends (RACE) system were from Invitrogen; the OneStep reverse transcription-PCR (RT-PCR) kit, pQE-30 Xa, and nickel-nitrilotriacetic acid (Ni-NTA) agarose were from Qiagen; and the restriction enzymes were from New England BioLabs.
Cloning of plr-PpH and sdh-PpH. Aseptic P. pleianthum Hance was grown in B5 medium according to a previous report (17) , and the leaves were collected, frozen in liquid nitrogen, and stored at Ϫ80°C. Total RNA was extracted using TRIzol reagent. The primer sequences are listed in Table S1 in the supplemental material. Based on a multiple-sequence alignment of PLR-Fi1 (GenBank accession number U81158) (15), PLRTp1 (AF242503) (18) , PLR-Tp2 (AF242504) (18) , PLR-La1 (AJ849358) (19) , and PLR-Lu1 (AJ849359) (19) , the degenerate primers PLRFOR1, PLRFOR2, and PLRREV2 were designed to amplify the conserved part of plr. RT-PCR was performed using a OneStep RT-PCR kit with PLRFOR1 and oligo(dT), and the PCR product was further amplified using PLRFOR2 and PLRREV2. The resulting amplicon was sequenced, and RACE PCR was performed to amplify the cDNA from the conserved sequence to the 5= or 3= terminal. For 5= RACE, the primers PLR-GSP1-5=, PLR-GSP2-5=, and PLR-GSP3-5= were designed, and the 5= terminal was synthesized using a 5= RACE system for the RACE kit (Invitrogen), while PLR-GSP1-3= was used for 3= RACE PCR. The coding region of plr-PpH was amplified using PLRF and PLRR.
The gene sdh-PpH was amplified using a OneStep RT-PCR kit with forward primer SDHF and reverse primer SDHR, which were designed based on GenBank accession number AF352735 (16) .
plr cDNA was amplified using primers sacPLRF and pstPLRR and introduced into the expression vector pQE-30 Xa at the SacI and PstI restriction sites to generate pQE-PLR. sdh-PpH cDNA was amplified using primers kpnSDHF and pstSDHR and introduced into the pQE-30 Xa vector at the KpnI and PstI restriction sites to generate pQE-SDH. pQE-PLR and pQE-SDH were transformed into E. coli M15 for heterologous expression.
Generation of the plr-sdh and sdh-plr constructs. The proteins PLRPpH and SDH-PpH were linked using a (GGGGS) 4 protein linker. Splicing by overlap extension (SOEing) PCR was performed to connect the cDNAs for plr-PpH, sdh-PpH, and the linker. Five primers, P-S1, P-S2, P-S3, P-S4, and Link, were designed to amplify plr-(linker)-sdh. P-S1 and P-S2 were used to amplify the plr gene, and P-S3 and P-S4 were used to amplify the sdh gene. The product of P-S3 and P-S4 was further amplified using Link and P-S4 to obtain linker-sdh. The PCR products containing plr and linker-sdh were mixed together and another 15 cycles of PCR performed without adding primers. The product was finally amplified with P-S1 and P-S4 to generate plr-(linker)-sdh.
sdh-(linker)-plr was also amplified using SOEing PCR. Five primers, S-P1, S-P2, S-P3, S-P4, and Link, were designed, and S-P1 and S-P2 were used to amplify sdh, while S-P3 and S-P4 were used to amplify plr, which was further amplified using S-P4 and Link to generate linker-plr. Sdh and linker-plr were mixed, and another 15-cycle PCR was performed without primer addition and the product amplified using S-P1 and S-P4 to generate sdh-(linker)-plr.
plr-sdh and sdh-plr were introduced into the pQE-30 Xa vector at the SacI and PstI restriction sites to generate pQE-PLR-SDH and pQE-SDH-PLR (see Fig. S1 in the supplemental material), and E. coli M15 was transformed with the vectors for heterologous protein expression.
Heterologous expression and protein purification. The recombinant E. coli M15 strains were grown overnight at 37°C with shaking at 130 rpm in LB medium containing 100 ppm of ampicillin and 50 ppm of kanamycin (LBAK medium), and then the bacteria were inoculated into 100 ml of fresh LBAK medium in a Hinton flask and the cultures grown under the same conditions to an optical density at 600 nm (OD 600 ) of 0.6, when 0.01 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) was added to induce heterologous protein expression. After 9 h of induction at 25°C with shaking at 130 rpm, the bacteria were harvested by centrifugation at 4,000 ϫ g for 30 min at room temperature. The pellets from 100 ml of bacterial culture were resuspended in 10 ml of lysis buffer (50 mM NaHPO 4 , 300 mM NaCl, 10 mM imidazole, pH 8.0), and the suspensions were sonicated in an ice bath to break the cells. Cell debris then was removed by centrifugation at 14,000 ϫ g for 30 min at 4°C. The target proteins in the supernatants were purified using Ni-NTA agarose according to the manufacturer's instructions and stored at Ϫ20°C after addition of 50% (wt/vol) glycerol. SDS-PAGE (12.5% polyacrylamide) followed by Western blotting with monoclonal anti-polyhistidine antibody (Sigma) and goat antimouse alkaline phosphatase (AP)-conjugated antibody was used to determine the molecular weight of the recombinant proteins.
Enzyme assay. The enzyme activity assay for recombinant PLR (rPLR) was modified from that in a previous report (20) . The assay mixture (250 l) containing 55 M, 110 M, 167 M, 223 M, and 279 M (ϩ)-pinoresinol or (ϩ)-lariciresinol, 2.5 mM NADPH, 10 g of rPLR, and 0.1 M potassium phosphate buffer, pH 7.1, was incubated at 30°C for 20 min. The kinetics of rPLR were determined by the disappearance of the substrate, (ϩ)-pinoresinol or (ϩ)-lariciresinol. The enzyme activity assay for recombinant SDH (rSDH) was modified from that in a previous report (16) . The assay mixture (250 l) containing 0.4 g of rSDH; 15 M, 45 M, 75 M, 105 M, 135 M, and 165 M (Ϫ)-secoisolariciresinol; 4 mM NAD; and 20 mM Tris buffer containing 5 mM DTT, pH 8.8, was incubated at 20°C for 4 min. The kinetics of rSDH were determined by the formation of the product, matairesinol. Kinetic parameters were determined from Lineweaver-Burk plots for both rPLR and rSDH. The assay conditions for the complete transformation of (ϩ)-pinoresinol to matairesinol were determined using rPLR and rSDH. Assay mixtures containing 0.19 mM (ϩ)-pinoresinol, 1 mM NADPH, 0.6 mM NAD, and 5 mM DTT in 20 mM Tris buffer at different pHs (7.0, 8.0, and 8.8) were tested at a temperature of 22°C, 26°C, or 30°C for 1 h. The conditions chosen for assay of the fusion proteins were 10 g of PLR-SDH or SDH-PLR, 0.19 mM (ϩ)-pinoresinol, 1 mM NADPH, 0.6 mM NAD, and 20 mM Tris buffer containing 5 mM DTT, pH 8.0, at 22°C for 1 h. To monitor the time course of conversion in vivo in bacteria, the assay mixture containing 2 ϫ 10 9 or 1 ϫ 10 10 CFU of bacteria, 50 M (ϩ)-pinoresinol, and 20 mM Tris buffer, pH 8.0, in LB medium was shaken vigorously at 22°C for 0.5, 1, 2, or 3 h.
FIG 1 Biosynthesis pathway of podophyllotoxin.
HPLC analysis. The assay mixtures described above were extracted three times with 300 l of ethyl acetate, air dried, and redissolved in 200 l of methanol for HPLC analysis using an Ascentis C 18 HPLC column (particle size, 5 m; column dimensions, 25 cm by 4.6 mm) in an HPLC system equipped with an SCL-10A system controller, SPD-M10A photodiode array detector, SIL-10AD autosampler, and LC-10AT pumps (all from Shimadzu, Kyoto, Japan). A binary buffer system (solvent A water containing 0.01% phosphoric acid, solvent B containing acetonitrile) was used to create the mobile-phase gradient. The analytes were separated using 25% solvent B for the first 25 min and then linear gradients of 25 to 43% solvent B for 18 min, 43 to 55% for 3 min, 55 to 70% for 8 min, 70 to 25% for 2 min, and 25% for 4 min at a flow rate of 1 ml/min (20) with detection at 280 nm.
Nucleotide sequence accession numbers. Newly determined sequence data were deposited in GenBank under accession numbers KJ000044 and KJ000045.
RESULTS
Cloning and sequence analysis. A segment of plr in P. pleianthum Hance was amplified by RT-PCR based on the conserved part of the plr sequences in Forsythia intermedia (U81158), Thuja plicata (AF242503 and AF242503), Linum album (AJ849358), and Linum usitatissimum (AJ849359), resulting in a 320-bp cDNA fragment, the deduced protein sequence of which showed high similarity to those of all of the PLRs described above and that determined later for Linum perenne (20) . A 933-bp cDNA containing the fulllength coding sequence, plr-Pp (GenBank accession number KJ000045), was cloned by 5=-and 3=-RACE PCR. The putative protein contained 311 amino acids. The deduced amino acid sequence for PLR-PpH showed 75.2% identity and 85% similarity with the PLR of Forsythia intermedi (see Fig. S2 in the supplemental material). The SIM alignment tool was used to examine the sequence for various motifs. A putative NADPH binding domain, GxxGxxG, was found in the PLR-PpH sequence, as was the case in the PLR of Forsythia intermedi.
A 834-bp cDNA containing the full-length sdh-PpH coding sequence (GenBank accession number KJ000044) was also identified based on the sdh sequence from Forsythia intermedia (AF352735). The putative protein contained 278 amino acids. The deduced amino acid sequence of SDH-PpH showed 98.2% identity and 99% similarity with that in Podophyllum peltatum and contained a conserved NAD binding domain, GxGGxG (see Fig. S3 in the supplemental material).
Functional expression in E. coli. The gene plr-PpH was heterologously expressed in E. coli M15 with an N-terminal 6-histidine tag. The recombinant PLR containing a 4-kDa 6-His tag and Xa factor had an apparent molecular mass of 39 kDa on a polyvinylidene difluoride (PVDF) membrane ( Fig. 2A) . Different con- centrations of (ϩ)-pinoresinol or (ϩ)-lariciresinol were added as the substrate for an enzyme kinetic assay using 10 g of rPLR and 2.5 mM NADPH in 250 l of assay mixture at 30°C and pH 7.1, and the K m and V max were found to be 19.8 M and 7.34 mol h Ϫ1 mg 1 of protein for (ϩ)-pinoresinol and 37.3 M and 3.12 mol h Ϫ1 mg 1 of protein for (ϩ)-lariciresinol, respectively. SDH-PpH was also heterologously expressed in E. coli M15 with an N-terminal 6-His tag. The recombinant protein containing the His tag and Xa-factor had an apparent molecular mass of about 34 kDa on PVDF membrane (Fig. 2A) . Different concentrations of (Ϫ)-secoisolariciresinol were converted into matairesinol using 0.4 g of rSDH and 4 mM NAD in a 250-l assay mixture at 20°C, pH 8.8, and the K m and V max were found to be 231 M and 13.3 mol min Ϫ1 mg 1 of protein, respectively. The UV absorption spectra for the products were shown to confirm the identities (see Fig. S4 in the supplemental material) .
FIG 2 Expression and functional analysis of rPLR, rSDH, and the fusion proteins. (A) Western blot detection of the recombinant proteins with anti-His antibody. Lane 1 is rPLR (ϳ39 kDa), lane 2 is rSDH (ϳ34 kDa), lane 3 is PLR-SDH fusion protein (ϳ65 kDa), and lane 4 is SDH-PLR fusion protein (ϳ65 kDa). NC is the protein extract from wild-type E. coli M15 as the negative control. (B) Bioconversion efficiency under different conditions using rPLR and rSDH (1-h reaction). The concentration of (ϩ)-pinoresinol is
Functional expression of the PLR-SDH fusion protein. Two fusion protein constructs, plr-sdh and sdh-plr, were designed. The proteins were linked via a (GGGGS) 4 protein linker to maintain flexibility. The molecular mass of the fusion proteins PLR-SDH and SDH-PLR, including the N-terminal His tag and Xa-factor, was about 65 kDa on SDS gels ( Fig. 2A) .
To determine the best reaction conditions for rPLR and rSDH, different combinations of buffers (20 mM Tris buffer at pH 7.0, 8.0, or 8.8) and temperatures (20°C, 26°C, and 30°C) were tested using 30 g of each of the recombinant proteins, 0.19 mM (ϩ)-pinoresinol, 1 mM NADPH, and 0.6 mM NAD. As shown in Fig.  2B , the results show that a higher conversion was obtained at a lower reaction temperature and that the efficiencies of formation of matairesinol and conversion of (ϩ)-pinoresinol were both highest in Tris buffer, pH 8.0, at 22°C; these conditions were chosen for enzyme assay of the fusion proteins.
As shown in Fig. 2C and D, (ϩ)-pinoresinol was successfully converted into matairesinol by PLR-SDH but not by SDH-PLR. SDH activity was lost in SDH-PLR, with the result that secoisolariciresinol, the product of PLR, accumulated in the reaction mixture. Time course conversion tests using PLR-SDH or the mixture of rPLR and rSDH are shown in Fig. 2E . At 60 min, the percent conversion of (ϩ)-pinoresinol to matairesinol using PLR-SDH was 49.8%, higher than that of 17.7% using the rPLR and rSDH mixture.
In vivo bioconversion by PLR-SDH. A further conversion assay was performed using living recombinant E. coli. (ϩ)-Pinoresinol was successfully converted to the final product, matairesinol, by the living bacteria expressing PLR-SDH in LB medium, pH 8.0, with or without addition of cofactors NADPH and NAD at 22°C (Fig. 3) . This result suggested that the enzyme reactions could take place in the living cells without external addition of cofactors. Cultures containing 2 ϫ 10 9 or 1 ϫ 10 10 CFU of bacteria were used to synthesize (Ϫ)-matairesinol in the absence of added cofactors. As shown in Fig. 4 , the substrate (ϩ)-pinoresinol was almost completely (2 ϫ 10 9 CFU) or completely (1 ϫ 10 10 CFU) converted into (Ϫ)-matairesinol by living cells without the addition of any cofactors in 2 h.
DISCUSSION
The enzyme PLR has been identified in Forsythia intermedia (15) , Thuja plicata (18) , Linum perenne (20) , L. album, and L. usitatissimum (19) . We cloned plr cDNA from P. pleianthum Hance. This may be the first report of a PLR identified in the genus Podophyllum. Podophyllum is the major plant source of podophyllotoxin. The plr-PpH sequence showed high nucleotide sequence similarity with other plr sequences. Besides PLRs, other lignan reductases, such as phenylcoumaran benzylic ether reductases (21) and isoflavone reductases (22, 23) , also show high sequence similarity with PLRs. All of the lignan reductases contain a conserved NADPH-binding domain, GxxGxxG, in a region close to the N terminus, and this NADPH-binding domain was also present in the deduced amino sequence of PLR-PpH. Although pinoresinol stereospecificity was initially reported to be determined by Leu 164 , Phe 272 , and Gly 268 (24) , these residues were soon found not to be sufficient (19) . Thus, the existence of Gly 268 and another aromatic amino acid, Tyr 272 , instead of Phe in the PLR-PpH sequence is not sufficient to explain the (ϩ)-pinoresinol substrate stereospecificity and suggests that other residues are also involved. The K m value of rPLR for pinoresinol was 37.3 M, which was close to that of PLR-Fi1 and PLR-Fi2 (27 and 23 M, respectively) (15). However, the K m for lariciresinol was 37.3 M, which was lower than that of PLR-Fi1 and PLR-Fi2 (121 and 123 M, respectively) (15) . It seems the affinity of rPLR to lariciresinol was slightly higher than those of the PLRs in F. intermedia.
The enzyme SDH has been identified in F. intermedia and P. peltatum (16) , and its cDNA (sdh-PpH) was cloned from P. pleianthum Hance in the present study. The deduced amino acid sequence showed high similarity with other SDH sequences, and the conserved NAD-binding domain GxGGxG and the amino acid residues Ser 153 , Tyr 167 , and Lys 171 , predicted to be involved in the SDH catalytic center (25) , were found to be present. The K m value of rSDH was 231 M, which was higher than that of SDH-Pp (160 M) (16) . This suggests that the substrate affinity of rSDH was lower than that of SDH in P. peltatum. The recombinant protein was able to convert (Ϫ)-secoisolariciresinol into matairesinol. Since no PLR and SDH active on the opposite stereoisomers were found, our results suggest that (ϩ)-pinoresinol, (ϩ)-lariciresinol, (Ϫ)-secoisolariciresinol, and (Ϫ)-matairesinol are involved in the podophyllotoxin biosynthesis pathway in P. pleianthum Hance.
Fusion proteins were designed to simplify the bioconversion process from (ϩ)-pinoresinol to matairesinol. The enzyme reaction conditions used for the fusion proteins were pH 8.0 (between the values used for rPLR and rSDH individually) and a relatively low reaction temperature of 22°C. This low temperature is not surprising, since P. pleianthum Hance grows in medium-to highaltitude mountainous areas. PLR activity was seen with both the PLR-SDH and SDH-PLR fusion proteins, whereas SDH activity was seen only with PLR-SDH. This suggests that the C-terminal region of SDH is important for its enzyme function. A previous report of the crystal structure of SDH also suggested that substrate-enzyme binding requires the involvement of a C-terminal flexible arm (25) . Thus, a decreased flexibility in the C terminus of SDH might be the reason for its disrupted function in SDH-PLR, and this may be overcome if a longer and more flexible protein linker was used.
The percent conversion of (ϩ)-pinoresinol to matairesinol catalyzed by PLR-SDH was higher than that using a mixture of rPLR and rSDH. The distance from PLR to SDH was restricted in the fusion protein by the flexible protein linker (GGGGS) 4 . This may make it easier for (Ϫ)-secoisolariciresinol, the product of PLR and the substrate for SDH, to move from PLR to SDH, suggesting that a metabolic channel, in a broad sense, was formed in the fusion protein to increase conversion efficiency, as suggested previously (26) (27) (28) (29) (30) (31) . The same phenomenon of an increase in conversion efficiency in fusion proteins has been reported for isoflavone synthase-chalcone isomerase (32) and trehalose-6-phosphate synthetase-trehalose-6-phosphate phosphatase (33) fusion proteins. We also found that the substrate (ϩ)-pinoresinol was converted into matairesinol in medium containing living E. coli transformants expressing PLR-SDH without addition of cofactors, such as NAD and NADPH, suggesting that the recombinant enzymes utilize the cofactors produced by the living cells. This might result from the substrate entering the living cell or broken cells releasing enzyme and cofactors into the culture medium. To distinguish between these two processes, further experiments are needed. In conclusion, we have established an E. coli bioconversion system for the efficient conversion of plant lignan (ϩ)-pinoresinol to matairesinol without the addition of cofactors to save time and cost.
